Anthrax toxin is a tripartite virulence factor produced by Bacillus anthracis during infection. Under acidic endosomal pH conditions, the toxin's protective antigen (PA) component forms a transmembrane channel in host cells. The PA channel then translocates its two enzyme components, lethal factor and edema factor, into the host cytosol under the proton motive force. Protein translocation under a proton motive force is catalyzed by a series of nonspecific polypeptide binding sites, called clamps. A 10-residue guest/host peptide model system, KKKKKXXSXX, was used to functionally probe polypeptide-clamp interactions within wild-type PA channels. The guest residues were Thr, Ala, Leu, Phe, Tyr, and Trp. In steady-state translocation experiments, the channel blocked most tightly with peptides that had increasing amounts of nonpolar surface area. Cooperative peptide binding was observed in the Trp-containing peptide sequence but not the other tested sequences. Trp substitutions into a flexible, uncharged linker between the lethal factor amino-terminal domain and diphtheria toxin A chain expedited translocation. Therefore, peptide-clamp sites in translocase channels can sense large steric features (like tryptophan) in peptides, and while these steric interactions may make a peptide translocate poorly, in the context of folded domains, they can make the protein translocate more rapidly presumably via a hydrophobic steric ratchet mechanism.
Protein translocation across and insertion into lipid bilayers are fundamental, ubiquitous processes in the cell [1] . Protein translocation also plays key roles in microbial pathogenesis and normal bacterial cell physiology. These transport processes include transmembrane protein translocation, secretion, protein import/export, protein dislocation, and toxin internalization [2] . Structural studies show that translocase machinery may be composed of an oligomeric protein complex containing a central channel that the substrate polypeptide translocates through [3] . These translocase systems use external sources of free energy to do work on their substrates. A protein substrate initiates and threads into the translocase's central pore; it is then forcibly unfolded; and finally, the unfolded chain is translocated unidirectionally.
Current research efforts are focused on the question of how external energy sources such as an ATP chemical potential or the proton motive force (PMF) are transduced into a directional force that can drive unfolding and translocation [4] . Because diffusive thermal energy is significant at the nanometer-length scale, it is equally critical that retrograde diffusive forces are made less able to counteract productive translocation, causing the translocase to slip during translocation. Hence, polypeptide clamps have been proposed to act as molecular ratchets that minimize diffusive retrotranslocation while allowing for productive transport under the applied energy gradient.
Anthrax toxin is a tractable model system to address these questions [2] . The system is well suited for structural and electrophysiology studies that elucidate intermediates in the unfolding and transport mechanism [2] . Anthrax toxin [5] is a threeprotein virulence factor secreted by Bacillus anthracis, the causative agent of anthrax. Protective antigen (PA; 83 kDa) binds to cell surfaces and co-assembles with lethal factor (LF; 90 kDa) and edema factor (EF; 89 kDa) to make active cytotoxic complexes. PA forms heptameric [6] and octameric [7] [8] [9] ring-shaped oligomers following proteolytic activation. Multiple LF and EF moieties may bind these PA oligomers [9] . The cell internalizes these complexes in endosomes, which acidify as they mature. Acidification causes the PA oligomer to form a transmembrane channel that is~180 Å long bỹ 125 Å wide [3, 10] . The aqueous channel, however, is quite narrow and consistent with a β-barrel architecture [11] , having a central lumen about as wide as an α-helix (~15 Å) [3, 12] . At its narrowest constriction, the opening at the phenylalanine clamp (ϕ clamp) in the lumen is only~6 Å wide [3] . Hence, the narrow PA channel requires that LF and EF unfold during translocation.
Substrate unfolding is accomplished by several key factors. First, the free energy for the transport reaction is provided by the PMF across the acidified endosomal membrane bilayer [4, 13] . The PMF is composed of two forms of free energy, an electrical free energy related to the membrane potential (Δψ) and a chemical potential related to the proton gradient (ΔpH). A Δψ alone can also drive translocation [13, 14] , albeit that this driving force is more poorly coupled to LF and EF translocation than the ΔpH [13] . Second, catalytic active sites, or clamps, in the channel facilitate unfolding. Three major clamping sites have been identified in the PA channel: the ϕ clamp [15] , the α clamp [9] , and a charge clamp [16] . An interesting feature of these clamps is their ability to bind and recognize unfolded protein structure in a highly nonspecific manner. The α clamp is a deep cleft that binds unfolded structure, which has adopted an α-helical conformation [9] . The ϕ clamp, composed of a ring of 7 or 8 phenylalanine side chains, binds most tightly to molecules rich in hydrophobic, aromatic, and cationic functional groups [15] . While these sites appear to serve the more ostensible function of stabilizing unfolded structure (or destabilizing folded structure), their functional activity is not well understood.
The most critical feature of polypeptide translocation is that it is unidirectional even under relatively weak driving forces. Directionality is not simply defined by or aligned to the direction of the concentration gradient of a particular transporter system. For example, some transporters (such as the lactose permease [17] ) are symporters and move a substrate down the PMF gradient; however, other transporters (e.g., the ClC Cl − channel/transporter family [18] ) are antiporters and move substrates in the opposite direction of the chemical gradient of the driving ion. Moreover, the molecular motor that drives the flagellum can use the PMF to drive the flagellum in either the clockwise or the counterclockwise direction. Thus, a key and interesting question is how directionality is controlled in molecular machines.
The typical solution to this problem in a macroscopic device is to incorporate a diode in an electrical system, a check valve in a hydraulic system, or a ratchet in a mechanical system. Diodes, check valves, and ratchets can effectively rectify a fluctuating energy source into directed electrical current flow, fluid flow, or mechanical motion, respectively. The ΔpH across the membrane bilayer can be used by the PA channel, for example, to drive translocation by means of an electrostatic ratchet mechanism [4, 13] . The α and ϕ clamp sites may also ratchet and switch states between a high-affinity and a lowaffinity binding mode to release substrate in a controlled and directional manner, avoiding retrograde diffusive forces. This notion is evident in that these clamping sites are somewhat coordinated, where the ΔpH and the ϕ clamp work together to drive translocation [13] . In theory, the careful coordination of clamping sites, between high-affinity and low-affinity states, can prevent the substrate from binding too tightly to the translocase while preventing diffusive forces from causing the substrate to slip from the translocase unproductively. Such a mechanism would be consistent with the alternative-access model proposed for the major facilitator transporters. Here, we probe the physicochemical preferences of peptide clamps in the PA translocase to determine how they might influence the translocation of large folded domains.
Results

Peptide probe design
To functionally probe the interactions with peptideclamp sites in the PA channel, we produced a series of guest/host peptide substrates with the sequence, KKKKKXXSXX, where X is the guest residue (Fig. 1a) . We considered several unique chemistries at the guest site, including aromatic, hydrophobic, and hydrophilic residues (X = A, F, L, T, W, Y). The penta-lysine leader was used because the channel readily conducts cationic sequences. Overall, the short peptide design was preferred because it could specifically probe interactions at discrete peptideclamp sites in the translocase, such as the ϕ clamp or the α clamp.
Steady-state peptide interaction experiments
The interaction of the peptide with the channel was characterized using a steady-state binding/ translocation experiment. An ensemble of about 10 3 channels was inserted into a planar lipid bilayer at symmetrical pH 5.6. Subsequently, current, I, versus voltage, Δψ, scans (IV scans) were serially performed until the ensemble of channels stabilized. Stabilization was determined once successive reproducible IV scans were obtained. A probe peptide, P, was added to the cis side of the bilayer, and IV curves were recorded for conductance blockade versus cis-peptide concentration (P cis ) (Fig. 1a) . With this approach, the voltage dependence of peptide blockade could be determined. An example of data collected at + 70 mV reveals that most of the peptides fit well to a single-site binding model, excepting the Trp-containing peptide, which shows cooperativity and implies a second binding site for that peptide (Fig. 1b) .
Steady-state peptide interaction formalism
Because of the inherent complexity of these data, we will outline our reasoning in applying the steady-state formalism. When the channel is considered a Michaelis-Menten enzyme (E), then
In this channel-catalyzed reaction, P is turned over, when P cis translocates to the trans side of the membrane (P trans ) via the EP complex. EP is directly observed as the peptide-bound or conductanceblocked state of the system. We define the fundamental rate constants for E + P cis ⇄ EP as k 1 for binding and as k − 1 for dissociation, and for EP → E + P trans , we define k 2 for translocation, but retrotranslocation (k − 2 ) is not considered, as [P trans ] is infinitely dilute.
Each peptide, P, was titrated on the cis side of the membrane at a constant Δψ to determine the half-saturation steady-state peptide concentration (P ½sat ), where P ½sat is the [P cis ] when [E]/[EP] is unity. Under lower voltages (Δψ ≤ + 20 mV), the steady-state open-channel fraction (θ o ) versus peptide concentration curves could be fit to a single-site binding model, that is, θ o = 1/(1 + P cis /P ½sat ), to obtain P ½sat values. This formalism was successful for most peptide chemistries except the Trp peptide. The observed steepness of the peptide blocking dependence with the Trp peptide suggests that a positive-cooperativity binding model is more appropriate. To obtain P ½sat values for the Trp peptide, we implemented a linearized Hill-cooperativity model
where n is the Hill coefficient ( Fig. 2 ).
In the limit of the steady-state approximation, d [EP ]/dt = 0. The P ½sat value at Δψ = 0 mV (P ½sat°) is then related to the fundamental rate constants describing Eq. (1) and is immediately analogous to the Michaelis-Menten constant,
However, as Δψ increases from zero, rate constants will in turn vary by exp(zFΔψ/RT), where z is the number of charges required to cross the rate-limiting barrier, F is Faraday's constant, R is the gas constant, and T is the temperature. Then P ½sat as a function of Δψ is
At the limit of lower Δψ driving force, where binding and retrotranslocation limits the overall kinetics, then Eq. (4) may be reduced to Interestingly, at the highest Δψ values, where presumably translocation, k 2 , dominates unbinding, k − 1 , the Δψ dependence of P ½sat is markedly flat. The overall trend of a limiting linear negative slope at low voltages, which decreases to a largely flat slope at higher Δψ, indicates that a second process (i.e., translocation, k 2 ) comes into play at higher potentials. Again reducing Eq. (4) under these assumptions, we obtain P ½sat (Δψ) ≈ K T exp(z T FΔψ/RT). The steady-state equilibrium constant, K T = k 2 /k 1 , and the corresponding charge term, z T = z 2 − z 1 , are extracted from this analysis. K T is largely voltage independent, as z T is nearly zero. Likely, z 1 and z 2 are nearly identical in magnitude to explain why z T is near zero. Therefore, for each peptide, we find two linear extremes in the P ½sat (Δψ) versus Δψ curves, and all the curves for all peptides fit to a general form
The results of applying this model [Eq. (5)] to the guest/host peptides tested are shown in Fig. 3 . The major result is that the Trp-containing peptide blocks the tightest at nearly all the voltages tested (Fig. 3a) . The Tyr and Phe peptides were similar to the Trp peptide in terms of the binding dissociation K D parameter (Fig. 3b) . Under strong translocation conditions (higher voltages), the Tyr and Trp peptides showed similar translocation. All the peptides had similar charge parameters, z D and z T (Fig. 3c) .
Peptide blockade correlates with guest residue surface area
One key property to test was the total amount of polar and nonpolar surface area for the residues placed in the guest sites. We computed these areas from standard biochemical reference data [19] . Peptides with substitutions that introduced more surface area led to tighter blockade (given as P ½sat value) (Fig. 4) . For example, of the tested peptides, the tryptophan peptide blocked at the lowest concentrations. This trend in total surface area was not due to polar surface area as no correlation was observed; the correlation coefficient (R 2 ) was − 0.14. Instead, the better correlation was with nonpolar surface area (R 2 = 0.85). Total surface area produced the best correlation coefficient (R 2 = 0.87). Although this correlation was a modest improvement over that with nonpolar surface area, the results suggest that hydrophobic, sterically bulky peptides may be the best predictor of tight blockade.
Translocation of a guest/host peptide in context of a multi-domain substrate
After we established how specific peptide sequences blocked the PA channel in steady-state experiments, we wanted to know how similar guest/ host substitutions affected translocation of a folded protein. We hypothesized that when the ϕ clamp was presented with a hydrophobic/aromatic sequence preceding a folded domain, it would act as a hydrophobic steric ratchet. A tight interaction with the ϕ clamp could lower the unfolding barrier for the rest of the protein. The narrow dimension of the ϕ clamp (~6 Å) observed in the current cryoelectron microscopy structure [3] of the PA channel may permit a bulky sequence to translocate as an extended chain, but if that sequence folded on the other side of the ϕ clamp into a helix, it may become too bulky to readily retrotranslocate. Ultimately, we predicted that more sterically bulky Trp sequences may translocate poorly on their own, but in combination with a downstream folded domain, these sequences may result in faster transport of those folded domains.
To test this hypothesis, we designed a series of guest/host folded domain constructs. On the amino terminus was LF's PA binding domain (LF N ), in the middle was a synthetic 25-residue linker, and on the carboxy terminus was the diphtheria toxin A chain (DTA) (Fig. 5a) . We chose to use LF N to provide specific binding to PA. DTA was chosen as a stable folded domain. The synthetic linker region between LF N and DTA was composed of a random GlySer-Thr (GST) backbone that we modified with our residues of interest (Fig. 5a) . Hence, the parent construct, which serves as the control, was called LF N -GST-DTA. In that parent construct, five guest residues (F, L, Q, W, and Y) were inserted in five guest sites at an evenly spaced intervals (every fourth residue) (Fig. 5a) .
We used ensemble planar lipid bilayer electrophysiology to monitor translocation. In our translocation experiments, thousands of PA channels are inserted into an artificial lipid bilayer. An LF N -GST-DTA substrate is added to the bilayer at 20 nM, and as it binds to PA, it blocks conductance. Perfusion removes excess substrate, and translocation is initiated by increasing the ΔΨ. As the substrate translocates, the channel becomes unblocked, and the restoration of conductance reports on the translocation kinetics. From the translocation half-time (t 1/2 ), which is the time (in seconds) for half of the translocated protein to move through the channel, the empirical activation energy (ΔG ‡ ) can be calculated at a particular ΔΨ, using ΔG ‡ = RTlnt 1/2 /c (c is an arbitrary 1-s reference).
We translocated our complement of multi-domain substrates across a range of voltages (Fig. 5b) . The proteins containing Trp guest sequence (LF N -Trp-DTA) translocated the fastest across all ΔΨ (and had the lowest ΔG ‡ values). The ΔG ‡ for LF N -Trp-DTA was reduced about~1.5 kcal mol − 1 , corresponding to a rate acceleration of~10-fold over the LF N -GST-DTA control. The next fastest construct was LF N -Phe-DTA, which had about an~0.5 kcal mol − 1 lower ΔG ‡ than the LF N -GST-DTA control. The rest of the constructs translocated the same rate as the LF N -GST-DTA control. Therefore, upstream hydrophobic/ aromatic sequences (Phe-rich and Trp-rich), which are more hydrophobic and more sterically bulky, can accelerate the translocation of the DTA folded domain.
Discussion
Hydrophobic pore loops are a common motif in translocases; they provide important interaction sites for substrates and can play roles in energy transduction. Here, we investigated the activity of the ϕ clamp, the hydrophobic pore loop found in the PA channel. The ϕ clamp is known to contact substrates and catalyze unfolding and translocation, though the mechanism is not fully understood. The results presented here support the hypothesis that the ϕ clamp acts as a hydrophobic steric ratchet to unfold and translocate proteins. Interestingly, we show that the ϕ clamp binds tightly to hydrophobic/aromatic sequences and that this interaction slows their transport in steady-state flux assays; however, somewhat paradoxically, when these types of residues are inserted upstream of a folded domain, they can increase transport kinetics of that domain. We propose a model in which the substrate/ϕ clamp interaction reduces the barrier for substrate unfolding.
Hydrophobic/aromatic sequences block the PA channel most tightly
We used a series of 10-residue peptides with a guest/host pattern to demonstrate that different sequences bind the channel with different affinities (Fig. 1b) . Previous studies had identified the ϕ clamp as a hydrophobic/aromatic cation binding site [15] , and our results extend this to include hydrophobic/ aromatic amino acids. We found that the strength of the interaction at the ϕ clamp scaled with the peptide's nonpolar surface area, which indicates that we were measuring a hydrophobic interaction. Tryptophan residues, which are both bulky and hydrophobic, interacted most tightly with the ϕ clamp under all the conditions we tested. We were not surprised by these results; the ϕ clamp itself is quite hydrophobic [15] and narrow [3] , and the ordering of water around hydrophobic residues is entropically unfavorable. Thus, it is reasonable for the hydrophobic clamp to interact with similarly nonpolar residues.
Tryptophan sequences bind a second allosteric site in the channel
The equilibrium binding data we collected with the Trp peptide fit best to a cooperative or allosteric binding site model rather than the simple single-site binding model used with all the other peptide binding data. We do not favor the model that the Trp peptide simply dimerized in solution, causing the observation of positive cooperativity. Because the central pore is so narrow (6 Å wide), then dimerization would prevent binding at the conductance blocking site. Hence, cooperative dimerization would lead to negative cooperativity, which is the opposite of what we observed. Instead, the Trp data suggest that there are two or more binding sites. One peptide binding site blocks the channel, and the other allosteric sites does not interfere with conductance but it modifies the affinity at the conductance blocking site. According to this model, affinity at the channel blocking site, the ϕ clamp, is increased by binding events at the second site. Based upon other research to be published elsewhere, the second site is likely the α clamp. This allosteric model is also consistent with the results of an earlier phage display study [20] , which isolated two unique peptide sequences that bound competitively with LF N . The isolated sequences were HTSTYWWLDGAP and HQLPQYWWLSPG. The common motif was YWWL, which is aromatically rich and consistent with the KKKKKWWSWW peptide sequence.
Hydrophobic/aromatic sequences increase translocation rates of folded domains
Hydrophobic/aromatic residues are often found in the core of folded proteins, and burial of hydrophobic residues is a major driving force for protein folding. Proteins generally have hydrophobic residues, and many proteins are unfolded and moved across membranes. Given all this, why would protein translocase channels have evolved structures that interact tightly with hydrophobic residues if these interactions impede translocation? Based on our hydrophobic steric ratchet hypothesis, we predicted that the translocation rate of a folded domain would actually be increased by upstream hydrophobic/ aromatic residues. We expected this to be primarily a result of the hydrophobic/aromatic residues exposed to ϕ clamp binding and stabilization of partially unfolded substrates, leading to an overall increase in unfolding rates. Once a hydrophobic sterically bulky sequence reaches the ϕ clamp, they are expected to bind tightly. The interaction with the ϕ clamp requires that the guest sequence spans a certain distance, and therefore, this tension in the chain could be applied to the downstream folded load as a destabilization force. Hence, if the major barrier to translocation is unfolding, then that unfolding rate can be accelerated by the hydrophobic/aromatic interaction. As long as that unfolding rate is slower than the rate of translocation of the guest sequence, then the protein will paradoxically increase its translocation kinetics.
Specifically, we used a series of two-domain substrates to determine how different residues in the linker region between the domains affected translocation of the carboxy-terminal DTA domain. We found that hydrophobic/aromatic residues in the linker region decreased the t 1/2 of the downstream domain without reducing the amount of protein that was translocated (Fig. 5b) . In these experiments, Trp and Phe substitution showed the greatest rate enhancements while Tyr substitution showed no rate enhancement. These results suggest that aromaticity alone is not enough and that the hydrophobic nature of the substrate is also important.
It should be noted that the LF N -guest-DTA twodomain substrates were isolated from inclusion bodies and refolded. We do not expect that multimerization of the LF N -DTA engineered substrate affected our results. It is likely that only the monomer can bind to the PA channel, since aggregates would be too large to bind inside channel. Hence, the assay would select for well-folded monomers even if there was an equilibrium in solution with an aggregated multimeric form of the substrate. The translocation kinetics thus would be unaffected by this prebinding equilibrium (even if it did occur).
PA may use a hydrophobic steric ratchet to catalyze translocation
Our results are consistent with a ratchet translocation mechanism. Previous work has shown that PA can use a charge-state Brownian ratchet [4] . In this work, we provide evidence that PA can also function as a hydrophobic steric ratchet. The ϕ clamp serves as a pawl in the ratchet, binding tightly to hydrophobic/aromatic sequences in the substrate. It is likely that the steric bulk of the substrate sequence is more important than pure hydrophobicity for this mechanism, hence the name hydrophobic steric ratchet. The steric bulk of the ϕ clamp allows it to bias motion by acting as a "one-way door"; retrotranslocation of bulky sequences through the clamp would be very slow. Thus, the clamp acts as a pawl in the ratchet, biasing motion of the polypeptide by preventing backsliding. The clamp may act as a "one-way door" for steric sequences if an applied Δψ biases against the opening of the door in the direction of retrotranslocation. Also critical to the mechanism, the substrate needs to be large enough to engage the pawl, and the pawl needs to change shape. Certainly, the size of a tryptophan-rich sequence should challenge the ϕ clamp opening (which is 6 Å in the recent cryoelectron microscopy structure). In data to be published elsewhere, it is clear now that the ϕ clamp can open or dilate. Now with these new data, the opening itself may be directionally biased when hydrophobic steric groups pass through the clamp. Finally, with these principles in mind, the hydrophobic steric ratchet may be applicable to other translocases.
Materials and Methods
Peptides and proteins
All 10-mer guest/host oligopeptides were synthesized and purified to N 95% (Elim Biopharmaceuticals, Hayward, CA). Peptides were dissolved in ultra pure deionized H 2 O and concentrations were determined using backbone and/ or residue absorbance, when the sequence contained Tyr or Trp residues.
Wild-type PA was expressed and purified as previously described [4, 8, 9, 14] . The amino-terminal six-histidinetagged (His 6 ) His 6 -LF N -guest-peptide-DTA guest/host expression system was constructed from residues 1 to 263 of LF followed by the DTA sequence contained in a pET15b LF N -DTA expression vector [15] . Engineered into the pET15b construct were a NotI site after the carboxy terminus of LF N and a SpeI site followed by a thrombin recognition site just before the amino terminus of DTA. These unique flanking restriction sites allowed insertion of synthetic 25-residue guest sequence. We used the following guest patterning (TGSXTTGXSTGXTSTXSSSX TSGGS) in these chimeras. DNA cassettes encoding the desired NotI/SpeI-flanked guest peptide sequences were synthesized as previously described [4, 9] . His 6 -LF N -guest-DTA proteins were purified from overexpressing bacteria [8, 14] in 20 mM Tris-Cl (pH 8) buffers using standard Ni 2 + -nitrilotriacetic acid affinity chromatography with the use of a gradient containing 0.5 M imidazole and using blue Sepharose affinity chromatography with the use of a gradient containing 1.5 M NaCl. This double-affinity-tag procedure prevented the isolation of truncated/ proteolyzed versions, since the His 6 tag was on the amino terminus and the DTA domain, which tightly binds blue Sepharose, was on the carboxy terminus. Proteins containing hydrophobic/aromatic guest sequences were isolated from inclusion bodies by dissolving 0.3% Triton X-100 washed cell pellets in 8 M urea in 20 mM Tris-Cl (pH 8.5) followed by 2× extensive dialysis against refolding buffer [20 mM Tris-Cl (pH 8.5) and 150 mM NaCl].
Substrates refolded from inclusion bodies were purified as described above. Isolated proteins were verified by SDS-PAGE and shown to be N 95% pure.
Electrophysiology
Planar lipid bilayer currents were recorded using an Axopatch 200B amplifier (Molecular Devices Corp., Sunnyvale, CA) as previously described [8, 14] . Membrane bilayers were painted onto a 100-μm aperture of a 1-ml white delrin cup with 3% 1,2-diphytanoyl-sn-glycero-3-phosphocholine (Avanti Polar Lipids, Alabaster, AL) in neat n-decane. Cis (side to which the PA oligomer is added) and trans chambers were bathed in the indicated buffers as required. ΔΨ ≡ Ψ cis − Ψ trans (Ψ trans ≡ 0 V), and ΔpH = pH trans − pH cis . All electrophysiology experiments were conducted at room temperature.
For ensemble steady-state electrophysiology, planar lipid bilayers were bathed in universal pH 5.60 bilayer buffer (10 mM oxalic acid, 10 mM phosphoric acid, 10 mM 4-morpholineethanesulfonic acid, and 1 mM ethylenediaminetetraacetic acid). PA oligomers were added to the cis chamber under a ΔΨ of 20 mV and allowed to form channels. When the total current in the experiment reached~5000 pA, excess PA was perfused away. The ΔΨ was set to a fixed value in the range − 10 mV to 80 mV. Small aliquots of peptide were then added to the cis chamber and allowed to equilibrate (1-3 min). Peptide binding resulted in conductance blockade of the channel.
For ensemble LF N -guest-peptide-DTA translocation assays, translocation experiments were carried out using the universal bilayer buffer at symmetric pH 5.60 as previously described [8, 14] . Membranes were formed and channels were inserted as described for bulk peptide binding experiments. LF N -GST-DTA substrate was added to the cis side of the membrane at 20 nM, and binding was monitored as a decrease in current. Excess substrate was removed by perfusion and the translocation process was initiated by increasing the ΔΨ. The t 1/2 values for these ensemble kinetics were estimated using a custom routine in ORIGIN (OriginLab, Northampton, MA).
